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Abstract. A 1.5%Cr, 1%C bearing steel was sub-zero Celsius treated after quenching. 
Transmission and reflection (synchrotron) X-Ray Diffraction were applied ex-situ at the HZB-
BESSY II synchrotron facility to quantify the phase fractions of martensite and austenite and 
determine the stress state in austenite. 
The tempering response of the sub-zero treated material was studied with high resolution 
dilatometry and compared with the behavior of a reference as-quenched sample. 
X-Ray Diffraction indicates that sub-zero Celsius treating reduces the content of retained austenite 
in the material and introduces a state of compression in austenite. Dilatometry indicates that a long 
isothermal holding at cryogenic temperatures enhanced the precipitation of transition carbides 
during tempering. 
Introduction 
High carbon steels are used for bearings, cutting tools, dies and more generally applications that 
require mechanical stability, high hardness and wear resistance. 
As an additional step in quenching and tempering heat treatment, sub-zero Celsius treating may 
improve the performance of high carbon steels, particularly with regard to wear resistance [1−6]. 
This improvement is of particular technological interest, since it drives to noteworthy economical 
savings enhancing life service of steel products. 
The metallurgical mechanisms that cause enhanced wear resistance are not fully understood yet. 
Reviews on the topic [7−11] put forward the following interpretations: (i) a reduction of the content 
of retained austenite; (ii) an enhanced and more uniform precipitation of transition carbides; (iii) a 
modification of the sub-structure of martensite; (iv) a more favorable macro-stress state. 
Among these possibilities, observations in [6,11−14] support enhanced and more uniform 
precipitation as the key point. However, the mechanism responsible for the modification of the 
precipitation process is not clarified. 
It is documented that, both wear resistance and precipitation of carbides are promoted by an 
isothermal, i.e. thermally activated, process occurring at cryogenic temperatures (lower than −80°C) 
[3,15−18]. 
The following interpretations for the thermally activated process have been put forward [7−11]: (i) 
diffusion of carbon atoms to nearby lattice defects, resulting in the formation of carbon clusters that 
may act as nucleation sites for the precipitation of carbides, is an interpretation that appears 
inconsistent with the availability of thermal energy for the diffusion of carbon atoms in iron, 
insufficient at temperatures below −50°C [19−21]; (ii) modification of the martensite sub-structure 
and stress state (martensite conditioning) during isothermal holding at cryogenic temperatures, is an 
interpretation that remains phenomenological; (iii) modified tetragonality of martensite upon sub-
zero Celsius treating [22−24] is a phenomenon that does not require isothermal holding, hence it is 
an interpretation that does not appear consistent; (iv) thermally activated martensite formation. 
Martensite formation occurs in connection with a noteworthy transformation strain and may 
introduce lattice defects and a new state of stress in the material [24,25]. Also it can assist the 
formation of carbon clusters [19]. 
Thermally activated martensite formation was first reported in [26] and is reviewed in [27]. In 1%C, 
1.5%Cr bearing steels, thermally activated martensite formation was reported in [24,28−29], and is 
a particularly relevant phenomenon at cryogenic temperatures. 
In [24], it was suggested that below a critical temperature (about −140°C), the transformation strain 
associated with martensite formation is accommodated in the existing martensite and generates 
nucleation sites for the precipitation of transition carbides during tempering. 
This paper seeks to investigate the effect of a long isothermal holding at cryogenic temperature on 
the precipitation of transition carbides during tempering and aims to contribute to the understanding 
of the thermally activated process responsible for enhanced and more uniform precipitation. 
Experimental 
Material and sample geometries. The alloy investigated is a commercial AISI 52100 steel with 
the composition given in Table 1 and extruded to a 10mm rod. For dilatometry 10 mm high hollow 
cylinders were prepared with outer and inner diameter of ׎ 4.0 and ׎ 3.6, respectively; for 
(synchrotron) X-Ray Diffraction (XRD) Ø3mm, 0.2mm thick disks were prepared. 
 
Table 1: Chemical composition (in wt-%) of AISI 52100 as determined by Glow Discharge Optical 
Emission Spectrometry (GDOES) 
Fe C Cr Ni Mn Si Mo Cu 
Bal. 0.96 ±0.02 1.60 ±0.05 0.10 ±0.01 0.28 ±0.04 0.13 ±0.04 0.05±0.01 0.15 ±0.01 
 
Heat treatments. The applied heat treatments are schematically reported in Fig. 1. Austenitization 
(Fig. 1a) was performed at 1080 °C for 60s, followed by a quench in oil at 140 °C; the material was 
kept in the oil bath for 20 s and air cooled before storage at room temperature for about 2 Ms (3-4 
weeks). Protection from oxidation during austenitization was ensured through embedding the 
samples in 4 layers of 30 µm thick foils of stainless steel AISI 316. 
Three different thermal cycles were performed after austenitization and 2 Ms storage (Fig. 1b): 
“AsQ” refers to samples not subjected to any sub-zero Celsius treatment, but stored further 2 Ms at 
room temperature; “C” refers to samples cooled at 15 K/min to −150°C and thereafter (re)heated at 
15K/min to room temperature before a second storage period of 2 Ms at room temperature; “C+H” 
refers to samples that were cooled at 15K/min to −150°C, held 72h at −150°C, (re)heated at 15 
K/min to −110°C, held 24h at −110°C and finally (re)heated at 15K/min to room temperature 
before a second storage period of 2 Ms at room temperature. In the sequel samples are referred to as 
“starting” condition AsQ, C and C+H, depending on the performed thermal cycle. For the samples 
in the starting conditions, the total storage time at room temperature after initial quenching is about 
4 Ms. 
The material in the three different starting conditions was thereafter subjected to tempering. The 
tempering (Fig. 1c) of martensite was followed with dilatometry during isochronal heating of the 
material at 1.5K/min up to 350°C. XRD was applied at room temperature on samples heated at 
1.5K/min to 180°C only and air cooled. 
 
 
Figure 1. Heat treatments: a) austenitization; b) sub-zero Celsius treatments; c) tempering. 
 
Methods. XRD was performed at the synchrotron facility HZB-BESSY II at the experimental 
station EDDI [30]. XRD investigation was performed prior to tempering and after heating at 
1.5K/min to 180°C (Fig. 1c). These measurements were performed at room temperature in 
transmission geometry and averaged over the whole samples thickness. Details on the measurement 
conditions, the quantitative phase analysis and the determination of the lattice parameter of 
austenite are reported in [24]. The stress state in austenite was evaluated in reflection geometry 
applying the sin2ψ method [31]; experimental details were reported in [25]. 
Dilatometry was performed in a Bähr DIL 805A/D dilatometer. The length change of the samples 
was measured during isochronal heating at 1.5K/min up to 350°C (Fig.1c). 
Results 
X-Ray Diffraction, XRD. The results of the (synchrotron) XRD investigations prior to the 
tempering step and after isochronal heating at 1.5K/min to 180°C are reported in Table 2. 
 
Table 2: Results of the XRD investigations: content of retained austenite, fγ; lattice parameter of 
austenite, aγ, probed for the (h k l) 200, 220, 311 and 420 reflections; tetragonality of martensite 
expressed as the ratio between the crystallographic axes c and a, c/a ratio; macro-stresses in 
austenite reported in terms of ࣌צ െ ࣌ୄ (average and standard deviation for probed 200, 220, 311 




fγ [% ] Treatment c/a 
ratio 
aγ [Å] ࣌צ െ ࣌ୄ 
[MPa]2 0 0  2 2 0  3 1 1  4 2 0 
AsQ 29.2 Prior tempering 1.036 3.606 3.602 3.604 3.605 5±24 
After heating ≈1 3.607 3.598 3.599 3.599 -23±9 
C 11.9 Prior tempering 1.037 3.604 3.597 3.599 3.601 23±29 
After heating ≈1 3.608 3.598 3.598 3.599 -48±29 
C+H 7.7 Prior tempering 1.036 3.600 3.595 3.598 3.600 3±9 
After heating ≈1 3.608 3.594 3.597 3.594 -71±23 
 
The XRD investigations show that both the applied sub-zero Celsius treatments reduce the content 
of retained austenite in the material. As follows from the last column in Table 2, the difference in 
in-plane and normal macro-stress components in austenite is nil within experimental accuracy. 
Comparing the lattice parameters determined for the various hkl of austenite in the three samples 
prior to tempering shows clearly that austenite is in a compressed state of stress after sub-zero 
Celsius treatment. Hence, with ߪצ െ ߪୄ ൎ 0 austenite experiences a state of hydrostatic 
compression, most specifically for C+H. Locally, strains appear concentrated along specific 
crystallographic directions (the measured lattice parameter of austenite depends on the probed 
reflection). The tetragonality of martensite does not depend on the starting condition. 
During heating to 180°C, martensite loses its tetragonality. The stress state in austenite is (mainly) 
hydrostatic, albeit with a slight net compression in the plane of the sample disc. Evidently, the local 
strain direction is observed to change during heating and to depend on the starting condition. 
 
Dilatometry (DIL). The results of dilatometry investigations are reported in Fig. 2: the linear 
thermal expansion coefficient at the beginning of the tempering step is given in Fig. 2a, while Fig. 
2b shows the contraction/expansion of the samples during solid state transformation. 
 
 
Figure 2. a) linear thermal expansion coefficients α measured in the temperature interval 40-50°C 
during isochronal heating at 1.5K/min. b) differentiated relative sample elongation, d(ΔL/L0)/dT, 
vs. temperature, T, during isochronal heating. 
 
Fig. 2a shows that the linear thermal expansion coefficient scales with the variation in austenite 
fraction. In Fig. 2b three phase transitions are discerned, indicated by (i), (ii) ad (iii). Transition (i) 
is most pronounced for the sample subjected to C+H treatment, while peak (ii) is largest for sample 
AsQ. No clear differences can be observed for peak (iii). 
Interpretation 
X-Ray Diffraction. As expected sub-zero Celsius treatment reduces the amount of retained 
austenite in AISI 52100. The observation of a lower content of retained austenite for condition C+H 
as compared to condition C indicates that isothermal treatment is an important step in the treatment. 
During the long isothermal cryogenic treatment thermally activated martensite formation occurs. In-
situ observation and investigation of thermally activated martensite formation for the present AISI 
52100 is reported elsewhere and shows that mainly thermally activated growth of martensite nuclei, 
developed during cooling, into lenticular martensite occurs [24,32]. 
Martensite formation introduces a (macroscopically hydrostatic) state of compression in austenite 
that depends locally (microscopically) on the probed crystallographic direction [25]. It has been 
suggested that the compression is concentrated along the shape strain direction [25] and results 
from a partial elastic accommodation of the transformation strain in austenite. The compression is 
the larger, the more martensite forms [29]. In the present study, the introduction of (additional) 
compressive stress in austenite as observed between the starting condition AsQ and the condition C 
and C+H is directly ascribed to martensite formation. Also, the observation of a larger compression 
for the starting condition C+H as compared to the starting condition C is ascribed to the larger 
amount of transformation occurring in C+H. 
Concerning martensite tetragonality, at temperatures above about −40°C, the availability of thermal 
energy is sufficient for the movement of carbon atoms of short distances [19−21] in iron and the 
tetragonal cell of martensite can relax [33−36]. At room temperature, relaxation is close to 
saturation after about 0.2 Ms [36]. The apparent insensitivity of martensite tetragonality on the 
starting condition as observed in the present study is ascribed to saturation of the relaxation 
phenomena during long time storage at room temperature (> 2 Ms). 
For 1.5K/min heating rates, the crystal lattice of martensite becomes cubic in the temperature 
interval 90−140°C, as a consequence of the precipitation of transition carbides [24,37,38]. Data in 
the present study shows that the unit cell of martensite does not show any tetragonality upon 
heating to 180°C where precipitation of transition carbides is finished (cf. peak (i) in Fig. 2b). 
The present investigation does not allow definitive conclusions on the stress state of the material 
after heating to 180°C due to the fact that carbon atoms may have diffused enriching or depleting 
the different phases (modifying their lattice parameters). Moreover, carbon redistribution is known 
to be influenced by sub-zero treating for the present system [24]. On the other hand, the strain 
(re)distribution between different probed crystallographic directions cannot be appointed to carbon 
redistribution between phases. 
Transition carbides precipitate in association with a volumetric contraction of the material and a 
defined orientation relationship with the parent martensite phase [39−41]; also, it was suggested 
that a modification in the martensite sub-structure may alter the orientation relationship [42]. Data 
in the present study suggests that the precipitation of transition carbides has altered the local stress 
state in the material in a systematic way. The macroscopic state of stress in austenite, ߪצ െ ߪୄ , has 
changed to a net compressive stress within the plane of the sample. Further, additional elastic 
strains are introduced along specific crystallographic directions of austenite (that is related to 
martensite with an orientation relationship). The observation of a quantitative difference between 
starting conditions C and C+H for the 220 and 420 probed reflections may indicate either a 
difference in the amount of precipitation, a different precipitation mechanism, or a combination of 
both. 
Dilatometry. As a consequence of the closer packing of the f.c.c. lattice than the b.c.t. lattice, the 
linear thermal expansion of austenite is larger than the linear thermal expansion of martensite. The 
linear proportionality of the linear expansion coefficient with the austenite content in Fig. 2b is 
consistent with this expectation. Extrapolation to pure martensite and pure austenite gives 11.9 10-6 
K-1 and 21.3 10-6 K-1, respectively. These values are in reasonable agreement with literature values 
of 10.9 10-6 K-1 and 23.4 10-6 K-1 [29], respectively. 
The transformation peaks in Fig. 2b are interpreted on the basis of the analysis in [35,43]. 
According to [35,43], precipitation of secondary transition carbides (peak (i)) and formation of 
cementite (peak (iii)) are associated with volume reductions, while decomposition of retained 
austenite (peak (ii)) induces a volume expansion. From Fig. 2b, a significant reduction of the 
retained austenite content in cryogenic treated samples is demonstrated: peak (ii) is largely reduced 
for sample C and C+H as compared to sample AsQ. 
Interestingly, peak (i) is equivalent for starting conditions C and AsQ, but differs spectacularly for 
sample C+H. Dilatometry results show that enhanced precipitation of transition carbides (peak (i)) 
is promoted only by long isothermal holding at cryogenic temperatures, while no effects are 
reported for (controlled) sub-zero Celsius cooling to the same cryogenic temperature. 
Discussion 
The present study strongly supports the notion that enhanced precipitation of transition carbides 
during tempering can be ascribed to a thermally activated process in the isothermal stage during 
sub-zero Celsius treatment. 
Among the interpretations listed in the introduction section, the present experimental data exclude 
the tetragonality of martensite as a key parameter in governing enhanced precipitation during 
tempering. 
Further investigation, including in-situ investigation and direct observation of the precipitation 
products is necessary to definitively establish the nature of the thermally activated process. 
On the basis of previous experimental activity by the present authors [24], enhanced precipitation is 
hereby interpreted as a consequence of thermally activated martensite formation at cryogenic 
temperatures that conditions existing martensite and generates new nucleation sites for the carbides 
precipitates during tempering. 
This interpretation suggests that the investigation of the effects of sub-zero Celsius treatments 
should be driven towards the theory of the martensitic transformation in steel. 
Conclusions 
Sub-zero Celsius treatments are effective in reducing the content of retained austenite in high 
carbon steels. 
The main microstructural difference between a simple sub-zero Celsius cooling and a sub-zero 
Celsius cooling followed by a long isothermal holding at cryogenic temperature, analyzed before 
tempering, is a further reduction of the amount of retained austenite. No effect of cryogenic 
treatment is observed on the tetragonality of martensite. 
Sub-zero Celsius cooling alone is not effective in promoting enhanced precipitation of transition 
carbides. The present work demonstrates that enhanced precipitation can be obtained during 
tempering after a long isothermal holding at cryogenic temperatures. In the isothermal stage 
thermally activated martensite develops. 
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